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ABSTRACT

Understanding the colloidal stability of graphene is essential for predicting its transport and
ecological risks in aquatic environments. We investigated the agglomeration of C-labeled few-layer
graphene (FLG) at concentrations spanning nearly four orders of magnitude (2 ug/L to 10 mg/L) using
dynamic light scattering and sedimentation measurements. FLG agglomerates formed rapidly in
deionized water at concentrations > 3 mg/L. From 1 mg/L to 3 mg/L, salt-induced agglomeration was
decreased with dilution of FLG suspensions; the critical coagulation concentration of the more
concentrated suspension (3 mg/L) was significantly lower than the dilute suspension (1 mg/L) in the
presence of NaCl (1.6 mmol/L and 10 mmol/L, respectively). In contrast, FLG underwent slow
agglomeration and settling at concentrations < 0.1 mg/L in NaCl solutions and ambient waters with
low ionic strength (< 10 mmol/L). Although salt-induced agglomeration led to 67 % reduction in
number of small FLG (25 nm to 50 nm) according to atomic force microscopy characterization,
transition from concentrated to dilute suspension retarded the removal of the small FLG. Additionally,
the small FLG exhibited greater bioaccumulation in zebrafish embryo and stronger chorion penetration
ability than larger ones. These findings suggest that FLG at more environmentally relevant
concentration is relatively stable and may have implications for exposure of small FLG to ecological

receptors.
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1. Introduction

Graphene, a new carbon-based nanomaterial (CNM), since first isolated by Novoselov et al. in
2004 (Novoselov et al., 2004), has attracted increasing attention because of its extraordinary properties
and potential applications (Geim, 2009; Novoselov et al., 2012), such as in composites (Ramanathan
et al., 2008; Stankovich et al., 2006), ultrasensitive sensors (Schedin et al., 2007), and transparent
conductive films (Eda et al., 2008; Wang et al., 2008). Currently, graphene is being incorporated into
a broad range of commercial products at a rapid rate (Segal, 2009). The increasing production and use
of graphene will inevitably lead to its release into the environment. Unfortunately, the environmental
behaviors of graphene are still largely unknown. To date, the majority of studies have focused on the
human health-related issues of graphene (Bussy et al., 2013; Duch et al., 2011; Schinwald et al., 2012;
Seabra et al., 2014; Yang et al., 2011; Yang et al., 2010; Zhang et al., 2010), with only a limited
number of studies on potential ecological risks (Guo et al., 2013; Hu et al., 2014; Hu et al., 2015). The
exposure of nanomaterials is directly determined by their transport and fate in the environment (Batley
et al., 2012; Lowry et al., 2012; Maurer-Jones et al., 2013). Once released into aquatic systems,
graphene is likely to interact with ubiquitous inorganic ions and natural organic matter (NOM).
Changes in graphene size and shape resulting from agglomeration may subsequently alter its mobility
as well as its reactivity and toxicity (e.g., to algal cells and wheat roots) (Hu et al., 2014; Hu et al.,
2015). Therefore, knowledge of the agglomeration behavior of graphene in aquatic environments is
essential for predicting its fate and potential for ecological exposure.

Agglomeration and stability of fullerene (nCeo0) (Anderson and Barron, 2005; Bouchard et al., 2009;
Chen and Elimelech, 2006, 2008, 2009), carbon nanotube (CNT) (Sano et al., 2001; Smith et al., 2008;
Smith et al., 2009), and graphene oxide (GO) (Chowdhury et al., 2013; Chowdhury et al., 2015; Huang
et al., 2016; Konkena and Vasudevan, 2012; Wu et al., 2013) have been extensively studied in the

literature. These studies showed that the agglomeration of CNMs follows the Derjaguin-Landau-
3
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Verwey-Overbeek (DLVO) theory, and the CNM-specific properties have strong effects on the
colloidal stability of CNMs. For example, the critical coagulation concentration (CCC) of cations was
found to increase with the increasing surface oxygen contents of CNT and GO (Chowdhury et al.,
2015; Smith et al., 2009; Yi and Chen, 2011). This suggests that pristine graphene with a hydrophobic
lattice may undergo layer-to-layer agglomeration in water at low ionic strength (IS). As mass
concentration affects particle number and the rate of collisions between colloids that have small
Hamaker constants and low surface potentials (Hsu and Liu, 1998), salt-induced agglomeration is
expected to be reduced at a low graphene concentration. However, no study has yet been conducted
to quantitatively establish the agglomeration kinetics of graphene as a function of electrolyte
concentration or to test the impact of mass concentration on its colloidal stability. In addition, for
graphene with nonuniform particle size distribution, agglomeration and settling cause increased
heterogeneity in water column (Petersen et al., 2015). It is likely that small graphene particles remain
suspended for longer time periods in dilute suspensions than the thicker ones. Characterization of size
distribution of the suspended CNM s is over-looked by the previous investigations. Moreover, it is very
important to evaluate the environmental risks of small graphene when ecological receptors tend to
ingest small nanomaterials (Mu et al., 2012; Silva et al., 2014; Zhao and Wang, 2012).

The objective of this paper is to ascertain the impact of mass concentration on agglomeration and
stability of 14C-labeled graphene, which mainly comprised four graphene layers (Guo et al., 2013) and
were defined as few-layer graphene (FLG) in our previous work (Feng et al., 2015; Lu et al., 2015;
Mao et al., 2016). The potential ecological risks of the suspended small FLG (S-FLG) were also
investigated. The agglomeration kinetics of FLG (0.1 mg/L to 10 mg/L) at varying IS were
investigated by using dynamic light scattering (DLS) method. To investigate the state of
agglomeration of FLG at concentrations (2 pg/L to 107 ug/L) that are below the detection limit of

DLS and most other analytical techniques, sedimentation kinetics in simple electrolyte solutions and
4
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ambient water samples were performed via radioactivity measurements. While performing
experiments with varying compositions is necessary to yield a mechanistic understanding, it is critical
to verify that those trends are still observed in water samples from the natural and engineered
environment because some factors such as the type of NOM vary widely among water sources and the
NOM composition can impact the fate of environmental pollutants such as nanomaterials (Akkanen
et al., 2001; Pakarinen et al., 2013). After the size distribution of suspended FLG during the settling
experiments was characterized by atomic force microscopy (AFM), we preparaed S-FLG by prolonged
sonication and evaluated if biological uptake of FLG by zebrafish (Denio rerio) embryo is size-

dependent.

2. Materials and methods
2.1. Graphene synthesis and characterization

Synthesis of “C-labeled FLG by graphitization and exfoliation of sandwich-like
FePOs/dodecylamine hybrid nanosheets has been described in our previous study (Guo et al., 2013).
Using X-ray photoelectron spectroscopy (XPS), the atomic ratio of C:O in the FLG was determined
to be 89:6 (the remaining 5 % is 1.4 % of H and 3.6 % of N) (Guo et al., 2013), and carbonyl (C=0),
hydroxyl (C-OH), and carboxyl (COOH) functional groups were found on the FLG surface (Feng et
al., 2015). Notably, the oxygen was introduced by the addition of '*C-phenol during the FLG synthesis,
not by oxidation. The specific radioactivity of FLG was determined to be (16.0 = 0.6) mCi/g (n=3;
uncertainties always indicate standard deviation values if not specified). A stock suspension of FLG
(20 mg/L) was prepared following the procedures that are provided in the Supporting Information (SI),
and its radioactivity was determined via liquid scintillation counting (LSC) (LS 6500, Beckman

Coulter).
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2.2. Electrophoretic mobility measurements

The electrophoretic mobility (EPM) of FLG (1 mg/L to 10 mg/L) was measured at varying NaCl
and NOM concentration at pH 7.0 and 25 °C using a disposable folded capillary cell (Nano ZS,
Malvern). Because the calculation of zeta potential values from EPM measurements uses the Henry
equation and the Smoluchowski approximation which assumes spherical particles, it is problematic to
use this approach for non-spherical CNMs (Petersen and Henry, 2012); EPM values are reported
instead. As described in the SI, Suwannee River NOM (SRNOM) (RO isolation, International Humic
Substances Society) was used as a model NOM and a stock solution of SRNOM was prepared, which
had a total organic carbon (TOC) content of (8.6 + 0.1) mg/L (n=3). The background TOC content in
the DI water was around 0.3 mg/L. For each solution condition, six measurements were conducted for

each of three samples.

2.3. Graphene agglomeration and sedimentation kinetics

DLS (Nano ZS, Malvern) was used to measure the intensity-averaged hydrodynamic diameter
(Dn) of FLG as functions of time and NaCl concentration in the absence and presence of SRNOM. For
each agglomeration experiment, equal volumes (0.5 mL) of the diluted FLG stock suspension and
NaCl solution in the absence and presence of SRNOM were separately pipetted into a disposable
polystyrene cuvette to yield a specific FLG, electrolyte and/or SRNOM concentration. The capped
cuvette was then briefly vortexed, placed in the DLS instrument, and the measurements were started
immediately. The scattered light intensity was detected by a photodetector at a scattering angle of 90°,
the Dn was recorded every 10 s by autocorrelation function until Dn reached 1.5-fold of the initial Dy
or until 360 data points had been acquired (Chowdhury et al., 2013; Smith et al., 2008). All
agglomeration experiments were conducted in triplicate at pH 7.0, at which the FLG is stable at low

IS. Detailed equations and parameters for calculation attachment efficiency («a) and CCC values are
6
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provided in the SI. The FLG concentration in the DLS measurements was quantified by radioactivity
measurements and ranged from 0.1 mg/L to 10 mg/L. However, FLG concentrations below 1 mg/L
did not provide a sufficient signal for accurate DLS measurements and were not included in further
analysis.

The long-term stability of FLG at low concentrations (2 pg/L to 107 ug/L) were evaluated both
in well-controlled simple electrolyte solution and in natural or engineered aqueous systems. Eight
ambient waters were collected and characterized. Details for water sampling locations and water
analysis are provided in Table S1 and the SI. The sedimentation experiments were initiated by mixing
25 mL of NaCl solution (0 mmol/L to 500 mmol/L, pH=7.0) or each of the eight waters with the FLG
stock suspension in 40 mL amber glass vials (95 mm by 27.5 mm, CNW Technologies) with Teflon-
lined screw caps. The mixture was then vortexed for 10 s and was left undisturbed for up to 28 d at 25
°C. The concentrations of suspended FLG in different treatments were monitored via radioactivity
measurements (detailed procedures are provided in the SlI). Preliminary experiments showed that the
total volume of the mixture (1 mL to 40 mL) had insignificant influence on the sedimentation of FLG
(Fig. S1). Control measurements performed by adding the “C-labeled FLG to each of the water
samples, mixing them, and then immediately sampling the radioactivity using LSC did not indicate a
statistically significant matrix interference for any of the waters. All settling experiments were
conducted in triplicate to verify experimental reproducibility. To determine the particle size of the
suspended FLG, identical sedimentation experiments were performed by mixing the FLG stock with
10 mmol/L NaCl solution to yeild the initial FLG concentration of 1 mg/L. After settling for 7 d (a
long enough period to reach equilibrium), the upper layer suspensions (i.e., 1/5 of the total volume)
were deposited on mica plate, air dried and then analyzed by AFM. The size distribution of FLG

suspension at the beginning of sedimentation experiment was also characterized by AFM as control.
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2.4. Uptake experiments

Zebrafish embryos were exposed to FLG suspensions to compare the potential ecological effects
of FLG differed in lateral size. Before the uptake experiments, prolonged sonication (up to 60 h) was
conducted to prepare S-FLG stock suspension using the same procedures as the stock FLG. Size
distribution and elemental composition of S-FLG were analyzed by AFM and XPS, respectively. Fish
embryo exposure experiment was conducted according to the OECD standard test protocol (OECD,
2013). Briefly, the FLG and S-FLG stock suspensions were diluted separately by clean water to yeild
exposure concentration of (75 £ 1) pg/L (n=3). Zebrafish embryos at 2 h post fertilization were
distributed in 96-well plates (one embryo per well); each well contained 100 uL of FLG or S-FLG
suspension. After that, the embryos were cultured at (26 £ 1) °C for 12 h, 24 h, and 48 h. Triplicate
experiments (n=100 embryos/ treatment/ replicate) were conducted. At each time point, one hundred
embryos were removed, each embryo was washed three times with DI water. After this procedure,
FLG aggregates were not visible on the membranes of the embryos, and contributions from the
attached FLG to the total mass of FLG associated with the chorion are thus expected to be insignificant.
Following the DI water rinse step, chorion and yolk in each embryo was carefully sepatated using the
method described by Orlova et al. (2014). Once the chorion was pulled away, the yolk was able to
freely swim out from the chorion. The collected chorions (or yolks) (n=100) were pooled and
combusted using biological oxidation (OX-500, Zinser Analytic), and then the radioactivity was
analyzed using LSC (Mao et al., 2016).

Another group of embryos was exposed to the S-FLG suspensions using the same procedure
described above. At 48 h, the randomly selected embryos were removed and rinsed with 0.1 M
phosphate buffered saline (PBS) buffer. The yolks were taken out of the embryos, rinsed with PBS
buffer, and fixed with 3 % glutaraldehyde for 24 h, which was followed by a post-fixation step with

1.0 % osmium tetroxide for 1 h. After dehydration in a series of (50, 70, 80, 95, and 100) % ethanol,
8
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the samples were embedded with propylene oxide and epoxy mixture. Ultra-thin sections (the
thickness of each section was about 50 nm to 60 nm) were placed on formvar-coated copper grids (300
mesh)(Kwon et al., 2015). The sections of the yolks were stained with uranyl acetate and lead citrate
and observed using a FEI Tecnai TF20 high resolution transmission electron microscope (HRTEM)

to verify the presence of S-FLG in the yolk.

2.5. DLVO interaction energy between FLG-FLG

According to the DLVO theory, the total interaction energy between particles can be defined as
the sum of the van der Waals (VDW) attraction and the electrostatic double layer (EDL) repulsion
(Elimelech, 1995). The FLG-FLG interaction energy profiles under different FLG and NaCl
concentrations were calculated assuming plate-plate geometry (Elimelech, 1995; Gregory, 1981).

Detailed equations and parameters are presented in the SI.

2.6. Statistical analysis

One-way ANOVA with Tukey’s multiple comparison tests was used to determine the statistical
differences in sedimentation rate constants and Dy, values of FLG among different solution chemistries
and to compare differences in FLG contents that accumulated by organisms. Statistical difference was

setat p <0.05.

3. Results and Discussion
3.1. Agglomeration of graphene at high concentrations

Cuvettes containing various concentrations (1 mg/L to 10 mg/L) of FLG dispersed in DI water
are shown in Fig. la. Since all FLG suspensions were optically transparent, the DLS method was

successfully used for measurement changes in the Dy of FLG as a function of time. The Dy values of
9
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FLG were relatively constant in DI water within 1 h at a concentration range of 1 mg/L to 3 mg/L,
whereas FLG agglomerated within a few minutes at concentrations above 3 mg/L (Fig. 1b). This
showed that the stability of FLG was much weaker than that of GO, which was stable in DI water at
much higher concentrations (10 mg/L to 40 mg/L) (Chowdhury et al., 2013; Wu et al., 2013). For the
dilute FLG suspensions (1 mg/L to 3 mg/L), the presence of Na" (e.g., 10 mmol/L) induced the
formation of agglomerates (Fig. 1c). Notablely, the agglomeration was faster with increasing FLG
concentration at the same 1IS. For instance, the initial agglomeration rate constant (k) (i.e., the initial
rate of increase in Dn from Dhinitial t01.5Dn,initiar With time) (Bouchard et al., 2012; Chowdhury et al.,
2013; Holthoff et al., 1996) of 3 mg/L of FLG was (0.2300 = 0.0003) nm/s in 1 mmol/L NaCl, which
was 2.1 and 3.8 times higher than that of 2.5 mg/L ((0.110 + 0.003) nm/s) and 1 mg/L ((0.060 + 0.001)
nm/s) of FLG, respectively. In addition, the ka measured under diffusion-limited conditions increased
proportionally with FLG concentration (R?=0.9870) (Fig. S2). This suggests that a narrow FLG
concentration range had a strong impact on the agglomeration behaviors.

Plots of attachment efficiency («a) as a function of NaCl concentration exhibit two distinct regions:
a reaction-limited regime where a, increases with IS at low IS, and a diffusion-limited regime in which
oa 1s independent of IS at higher NaCl concentrations (Fig. 1d). This indicates that the agglomeration
of FLG is in general agreement with the DLV O theory (Chen and Elimelech, 2006; Chen et al., 2006).
The intersection between the extrapolations through the reaction- and diffusion-limited regimes
yielded CCC value (Chen and Elimelech, 2006; Elimelech, 1995). Unexpectedly, the CCC values were
greatly affected by the concentrations of FLG, which were determined to be (1.550 = 0.001) mmol/L,
(5.18 £ 0.03) mmol/L, and (9.960 £ 0.004) mmol/L NaCl for 3 mg/L, 2.5 mg/L, and 1 mg/L of FLG,
respectively. Likely mechanisms for this finding are discussed in later sections. As summarized in
Table S2, these CCC values are much lower than the CCC values for Ceo (120 mmol/L to 260 mmol/L

NaCl) (Bouchard et al., 2009; Chen and Elimelech, 2006), CNTs (37 mmol/L to 210 mmol/L NaCl)
10
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(Sano et al., 2001; Smith et al., 2008; Yi and Chen, 2011), and GO (44 mmol/L to 188 mmol/L NaCl)
(Chowdhury et al., 2013; Wu et al., 2013), indicating that the FLG is less stable. Since the surface
oxygen content of CNMs has a great influence on their CCC values (Smith et al., 2009; Yi and Chen,
2011), the poorer stability of FLG may be attributed to its lower oxygen content (6 %) (Guo et al.,
2013) than that of other CNMs, such as the oxidized CNTs (10.6 %) (Yi and Chen, 2011) and GO
(60 %) (Chowdhury et al., 2015). Difference in particle size may also play an important role, but it is
challenging to make direct comparisons among the nominal hydrodynamic diameter values of CNMs

given their variable shapes.

3.2. Effects of mass concentration on attachment efficiency of graphene

The effect of particle concentration on the stability of colloids has been the subject of a number
of studies (Hanus et al., 2001; Hsu and Liu, 1998; Tezak et al., 1951), but no study has yet focused on
the CNMs. Agglomeration studies clearly showed that the effects of Na* on the FLG-FLG interaction
followed the prediction of the DLVO theory (Chen and Elimelech, 2006; Chen et al., 2006), but the
attachment efficiency was largely different in a narrow FLG concentration (i.e., 1 mg/L to 3 mg/L)
under reaction-limited conditions (e.g., 1 mmol/L NaCl). We assume that the disparity in attachment
efficiency among these FLG concentrations should be caused by the difference in total interaction
energy. Particle size and zeta potential are key parameters that control the total interaction energy of
colloids according to the DLVO theory (Elimelech, 1995; Gregory, 1981). Since the initial Dy values
of FLG under these concentrations were not significantly different (p > 0.05) (Table S3), the effects
of Na* on charge screening may be greater at higher FLG concentrations. So that the VDW attraction
overweights the EDL repulsion more readily, allowing the FLG sheets to approach closer.
Electrophoretic mobility measurements showed that the absolute values of EPM in NaCl solutions (0

mmol/L to 100 mmol/L) gradually decreased as the FLG concentration increased from 1 mg/L to 10
11
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mg/L (Fig. S3). For example, from 1 mg/L to 3 mg/L, the absolute values of EPM decreased from (-
2.03 + 0.05)x10® m?/Vs to (-1.49 + 0.06)x10® m?/Vs in 1 mmol/L NaCl. This concentration-
dependent trending in the EPM was observed for titanium dioxide, polyurethane, and hexadecane
particles (Kaszuba et al., 2010; Medrzycka, 1991). The mechanism by which concentration affects the
EPM of FLG is unclear, but it can be sure that obscuration of light transmission is negligible as the
intensity of scattered light being detected was still very high at FLG concentration of 10 mg/L. The
DLVO interaction energy profiles between FLG-FLG as functions of FLG and NaCl concentrations
are shown in Table S4 and Fig. S4. At a given FLG concentration, the DLVO calculations predict the
presence of deepened secondary energy minima at higher NaCl concentration (from 0.5 mmol/L to 10
mmol/L), thus resulting in greater particle collision and attachment as observed from the
agglomeration experiments. An increase in the FLG concentration (from 1 mg/L to 3 mg/L) led to
higher secondary energy minima at 5 mmol/L and 10 mmol/L NaCl, indicating that FLG particles
agglomerate more readily in the more concentrated suspensions as a result of the increased attractive
forces. This is helpful for explanation the observed faster agglomeration at 3 mg/L of FLG than that

for 2 mg/L and 1 mg/L of FLG at same IS.

3.3. Long-term stability of graphene at low concentrations

To test the stability of FLG at more environmentally relevant concentrations below the DLS
detection limit and for longer time periods (7 d to 28 d), sedimentation experiments were conducted
using lower FLG concentrations (107 pg/L to 2 pg/L). During the first 60 minutes, the concentrations
of FLG remained constant and were not significantly different (p > 0.05) in varying NaCl solutions (0
mmol/L to 1000 mmol/L) (Fig. S5). Thereafter, the settling profiles of the FLG (Fig. 2a) exhibited
exponential decays and were well fitted by a first-order model (detailed procedures and results are

shown in the Sl and Table S5), a model which has also recently been applied to fit the sedimentation
12
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kinetics of other nanomaterials (Brunelli et al., 2013; Markus et al., 2015). The sedimentation rate
constants (ks) of FLG (107 pg/L) increased with greater IS at low NaCl concentrations (from (0.68 +
0.08) d* at 0 mmol/L to (1.3 +0.2) d"*at 10 mmol/L; uncertainties of ks indicate standard error values),
but did not significantly increase (p > 0.05) when the NaCl concentration was higher than 10 mmol/L
(i.e., 10 mmol/L compared to 50 mmol/L or 500 mmol/L NaCl) (Fig. 2b). Similar effects of Na* on
the stability of FLG were also observed for FLG concentrations of 11 ug/L and 2 pg/L. Therefore, the
agglomeration of FLG varied with IS also in a manner consistent with the DLVO theory under these
low FLG concentrations. It is worth noting that particle concentration had a greater effect on the
sedimentaion than the IS. At a given NaCl concentration (i.e., 10 mmol/L), the ks of 2 ug/L of FLG
was a factor of 13.5 and 2.7 times smaller than that of FLG at higher concentrations of 107 pg/L and
11 pg/L, respectively (Table S5). This result is also consistent with our earlier observations that the
agglomeration of FLG was faster at higher FLG concentrations (i.e., 3 mg/L compared to 2.5 mg/L or
1 mg/L) (Fig. 1c).

The sedimentation kinetics of FLG in eight ambient waters (pH = 7.7 + 0.4; details for water
characteristics are provided in Table S6) showed that water type had a notable influence on the stability
of FLG (Fig. 3a and b). Destabilization of FLG occurred quickly in the East China Sea water and the
influent and treated effluent from a wastewater treatment plant (WWTP); the concentrations of FLG
(50 png/L) were sharply reduced by ~ 71 %, ~ 43 %, and ~ 40 % within 1 d, respectively. In comparison,
the FLG underwent slow agglomeration in other five freshwaters and underground waters;
approximately 42 % - 65 % of FLG (50 ug/L) remained suspended after one week, the lowest
sedimentation was observed for the Qinghai Lake water for which more than 70 % of FLG (4 pg/L)
remained in aqueous phase after 28 d. Since the insoluble fraction was removed by filtration with a
0.22 um cellulose acetate membrane, Sedimentation was mainly affected by the IS of the waters. Plots

of the ks versus the total IS (i.e., the sum of the IS of F-, CI", NOs", SO4%, K*, Na*, Ca?", and Mg?") of
13
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the waters are shown in Fig. S6¢c. The ks values of FLG were constant under lower total IS (0.234
mmol/L to 4.79 mmol/L), but significantly increased (p < 0.05) when the total IS approached 10
mmol/L. The presence of NOM (2.1 mg TOC/L to 34 mg TOC/L) had a stabilizing effect on FLG in
the low IS freshwaters and ground waters. The FLG had a high affinity for SRNOM at 10 mmol/L
NaCl (details of adsorption experiments are provided in SlI) (Fig. S6). Adsorption of NOM
macromolecules onto FLG resulted in steric and electrostatic repulsions (the EPM values of FLG were
more negative with addition of SRNOM compared to NaCl alone (Fig. S7a), which effectively
retarded the agglomeration and sedimentation of FLG in 10 mmol/L NaCl (Fig. S7b and 2c); the CCC
for NaCl was increased by 9.5 times from (9.960 £+ 0.004) mmol/L to (95.00 £ 0.09) mmol/L with
addition of SRNOM (0.57 mg TOC/L) (Fig. 1d). The sedimentation of FLG in ambient waters also
showed a strong dependence on FLG concentration. At a lower FLG concentration (4 pg/L), the ks
values of FLG in all water samples were reduced by 1.7 to 4.4 times compared to a higher FLG

concentration (50 pg/L) (Table S6).

3.4. Size distribution of suspended graphene

The long-term stability studies further verified that the mass concentration of FLG played an
important role in affecting salt-induced agglomeration and settling. At higher concentrations, settling
of a single particle is often impacted by other particles. The formation of agglomerates accelerates the
sedimentation of the colliding particles and reduces the number of primary particle and total particle.
For FLG suspensions with nonuniform size distribution, small FLG sheets often diffuse faster than the
larger ones according to the Stokes-Einstein equation (Cho et al., 2011). It is possible that
agglomeration resulting from collisions between small-small or small-larger FLG sheets will reduce
the number of small particles. To confirm this hypothesis, the lateral size of FLG (1 mg/L, in 10

mmol/L NaCl) before and after sedimentation for 7 d was characterized by AFM. As shown in Fig. 4a
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and b, settling process did not significantly affect the thickness of FLG, which was measured to be
(0.34-4.17) nm and (0.33-3.22) nm at 0 d and 7 d, respectively; 71 % (0 d) or 69 % (7 d) of total count
was in the range of (0.5-1) nm. However, sedimentation led to significant reduction in the total particle
number of FLG and removal of larger FLG sheets. The width of size distribution of FLG was shortened
from (20—993) nm (0 d) to (22-569) nm (7 d), as 4.4 % of total counted FLG ranging from 575 nm to
975 nm had settled out of water. The AFM results confirmed that 18 % of total counted FLG was in
the range of (25-50) nm at the beginning of sedimentation experiment (0 d). After settling for 7 d, the
fraction of these small FLG in aqueous phase was decreased to 6 %. When the number of primary
particles decreases to a threhold at which the motion of a single particle is less likely affected by the
surrounding particles, the small and large FLG sheets may settle independently, the agglomeration and
settling of primary particles slow down. Thus, the normalized concentrations (i.e., C/Co) of FLG were
relatively constant at same IS from 3 d to 7 d at concentration of 107 pug/L (Fig. 2a). It is worth noting
that FLG will take longer time to achieve the same degree of agglomeration under more dilute
conditions (e.g., 11 pug/L and 2 pg/L). In such cases, decreasing mass concentration leads to slow
removal and a longer persistence of the small FLG (i.e., 25 nm to 50 nm) in water column and higher

potential of exposure to aquatic organism.

3.5. Size-dependent uptake of graphene by zebrafish embryo

Size dependence of cellular uptake, cytoxicity, and antimicrobial activity have been observed for
GO (Ma et al., 2015; Mu et al., 2012; Perreault et al., 2015). It is still not known whether uptake of
pristine graphene by ecological receptor is size dependent. To explore impact of lateral size on
biological uptake of FLG and to avoid interference from Na*, we prepared S-FLG by prolonged
sonication (up to 60 h). Prolonged sonication did not significantly change the elemental composition

of FLG (data not shown), but greatly increased the percentage of (25-50) nm FLG from 18 % to 88 %
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on the basis of AFM results (Fig. S8). In addition, analysis of the extracts using LSC and gas
chromatography-mass spectrometry (GC-MS) did not show a significant increase in the radioactivity
or obvious chemical peaks in GC-MS chromatograms of the extracted solutions, indicating that
degradation products were not formed from the prolonged sonication processes of FLG. Uptake of
FLG and S-FLG by zebrafish embryos was further investigated. The distribution of FLG within the
zebrafish embryos varied with the lateral size (Fig. 5a). When exposed to FLG for 12 h-48 h, 85 % -
98 % of the total mass of the accumulated FLG (i.e., the sum of the FLG contents in the choroin and
the yolk) was in the choroin and few of them was detected in the yolk. In comparison, the contents of
S-FLG in the choroin were significantly enhanced by 3.7, 3.0, and 1.6 times at 12 h, 24 h, and 48 h,
respectively. Moreover, 16 % - 21 % of the total mass of the accumulated S-FLG passed the choroin
to the yolk. To confirm the presence of the S-FLG in the yolk, ultra-thin sections of the yolk were
observed through HRTEM (Fig.5b), which shows visible ordered graphite lattices with interlayer
distance of 0.342 nm that is equal to the reported interlayer distance of graphite (Deng et al., 2011).
Well-defined diffraction spots that represent the crystalline structure of graphene (Brown et al., 2014)
were also observed in the fourier transfer image of Fig. 5b. These observations demonstrated that
decrease in size greatly enhanced the membrane penetration ability of FLG. The microstructure of the
chorion may be a decisive factor affecting the transmembrane transport of FLG. Zebrafish chorion
consists of three layers that are pierced by cone-shaped pore canals, given the narrow diameter (500
nm to 700 nm) (Rawson et al., 2000), these pores may restrict the uptake of large particles that
presented in FLG suspension. As mentioned previously, large FLG with lateral size ranging from 575
nm to 975 nm accounted for 4.4 % of the total counted FLG sheets (Fig. 4c). Because the mass of FLG
particles is proportional to the square of diameter, a 500 nm particle would have a factor of 100 more
mass than a 50 nm particle (assuming similar thickness). Unlike S-FLG, the mass of the large particles

mainly contributed to the total mass of FLG. The limited bioaccessbility of these large particles
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impeded the accumulation of FLG in the yolk. In addition, the S-FLG may have different
agglomeration behavior from FLG, the more slowly S-FLG agglomerated, the more small particles

would be taken up by embyos.

4. Conclusion

The agglomeration behavior of graphene will dictate its transport and fate in the environment.
Our results show that the concentration of FLG is a key factor in its agglomeration and stability in
aqueous media, but one that was often overlooked in previous studies. At a given IS, the agglomeration
rates decreased with dilution of FLG suspensions from 3 mg/L to 0.1 mg/L, and the settling of FLG
was substantially slower at concentrations lower than 0.1 mg/L. Although cations induced fast
agglomeration when the IS approached 10 mmol/L NacCl, the presence of NOM effectively improved
the stability of FLG by electrostatic and steric interactions. Long-term stability studies suggest that
FLG agglomeration at low concentrations is expected in freshwater, but slow sedimentation may result
in continued FLG exposure to pelagic organisms. FLG entering seawater will be removed from the
water column at a rapid rate, and marine benthos may be at higher risk of exposure than aquatic
organisms. In addition, more attention should be paid to evaluating the environmental risk of small
FLG particles in consideration of their persistence at low concentrations and their high
bioaccumulation behaviors. The results from this study will aid in the choice of test media for aquatic
toxicity testing because exposing the organisms to a constant nanomaterial concentration by

minimizing agglomeration and sedimentation is typically a goal of these tests.
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Fig. 1. (a) Photograph of cuvettes containing various concentrations of FLG dispersed in DI water.
Agglomeration profiles of FLG in DI water (b) or NaCl solutions (c) at various FLG concentrations at
pH 7.0. Attachment efficiencies (d) of FLG determined at different FLG concentrations as a function

of NaCl concentrarion (pH 7.0) in the absence and presence of 0.57 mg TOC/L SRNOM; data points
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Fig. 2. (a) Normalized FLG concentration suspended in NaCl solution at three different initial
concentrations (107+3, 10.7+0.4, and 1.980+0.008) npg/L (n=3; uncertainties indicate standard
deviation values). Sedimentation rate constants (b) of FLG as a function of NaCl concentration at
initial FLG concentrations of (107+3, 10.7+0.4, and 1.980+0.008) pg/L (n=3); data points are mean
and standard error values that obtained from Table S5. (c) Stability of FLG in 10 mmol/L NaCl in the
absence and presence of SRNOM. The C/Co values are mean and standard deviation values that

calculated from triplicate samples.
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Fig. 3. Long-term stability of FLG in ambient waters and wastewater samples from a municipal
wastewater treatment plant (WWTP). Normalized FLG concentrations in different types of water, the
initial FLG concentration was 50 pug/L (50 £ 2 pg/L, n=3) (a) and 4 pg/L (3.90 £ 0.03 ug/L, n=3) (b),
respectively. Data points are mean and standard deviation values that calculated from triplicate
samples. Sedimentation rate constants (c) of FLG at initial concentrations of 50 pg/L (open symbols)
and 4 pg/L (solid symbols) as a function of total ionic strength of the water samples. Data points are
mean and standard error values that obtained from Table S7. Details for water sampling locations and

water characteristics are provided in Table S1 and Table S6.

24



652

665

666

667

668

669

670

0.9 nm 1.0 mm
H i s . . ® . . .

1
0.0 1: Height 1.0 um

=0.6 1m

. 35
c
.
- 0
~ 25
5
& 20
(]
b=
g 15
5
=9
10
5
0
0 200 400 600 800 1000

Size (nm)

664

Fig. 4. Morphological characterization of FLG that suspended in 10 mmol/L NaCl solution before and
after sedimentation for one week. The concentrations of FLG were 1097 £+ 20 and 823 + 28) ug/L at 0
d and 7 d, respectively (n=3; uncertainties indicate standard deviation values). Representative AFM
images of FLG sampled at 0 d (a) and 7 d (b). (¢) Histogram of FLG size distribution. The histograms

were developed by counting 300 sheets for each FLG sample.

25



690

691

692

693

694

695

696

697

18 - yolk | chorion

LG
B s-FLG i

12h  24h 48h 12h 24h 48h

chorion and yolk. Zebrafish embryos were exposed to (75 + 1) ug/L of FLG and small FLG (S-FLG)
(n=3; uncertainties indicate standard deviation values). Data points are mean and standard deviation
values that calculated from triplicate samples. Asterisks indicate statistical difference (*, p<0.05; **,
p<0.01; *** p<0.001) between treatments. (b)) HRTEM images taken from ultra-thin section of the

yolk that exposed to the S-FLG for 48 h; Inset: fourier transfer image of (b) indicates the crystalline

structure of graphene.
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